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Background: Mechanisms underlying postoperative pain remain poorly understood. In rodents, skin-only incisions
induce mechanical and heat hypersensitivity similar to levels observed with skin plus deep incisions. Therefore,
cutaneous injury might drive the majority of postoperative pain. TRPA1 and TRPV1 channels are known to mediate
inflammatory and nerve injury pain, making them key targets for pain therapeutics. These channels are also
expressed extensively in cutaneous nerve fibers. Therefore, we investigated whether TRPA1 and TRPV1 contribute to
mechanical and heat hypersensitivity following skin-only surgical incision.
Results: Behavioral responses to mechanical and heat stimulation were compared between skin-incised and
uninjured, sham control groups. Elevated mechanical responsiveness occurred 1 day post skin-incision regardless of
genetic ablation or pharmacological inhibition of TRPA1. To determine whether functional changes in TRPA1 occur
at the level of sensory neuron somata, we evaluated cytoplasmic calcium changes in sensory neurons isolated from
ipsilateral lumbar 3–5 DRGs of skin-only incised and sham wild type (WT) mice during stimulation with the TRPA1
agonist cinnamaldehyde. There were no changes in the percentage of neurons responding to cinnamaldehyde or
in their response amplitudes. Likewise, the subpopulation of DRG somata retrogradely labeled specifically from the
incised region of the plantar hind paw showed no functional up-regulation of TRPA1 after skin-only incision. Next,
we conducted behavior tests for heat sensitivity and found that heat hypersensitivity peaked at day 1 post skin-only
incision. Skin incision-induced heat hypersensitivity was significantly decreased in TRPV1-deficient mice. In addition,
we conducted calcium imaging with the TRPV1 agonist capsaicin. DRG neurons from WT mice exhibited
sensitization to TRPV1 activation, as more neurons (66%) from skin-incised mice responded to capsaicin compared
to controls (46%), and the sensitization occurred specifically in isolectin B4 (IB4)-positive neurons where 80% of
incised neurons responded to capsaicin compared to just 44% of controls.
Conclusions: Our data suggest that enhanced TRPA1 function does not mediate the mechanical hypersensitivity
that follows skin-only surgical incision. However, the heat hypersensitivity is dependent on TRPV1, and functional
up-regulation of TRPV1 in IB4-binding DRG neurons may mediate the heat hypersensitivity after skin incision injury.
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Postoperative pain remains a major challenge to treat-
ment following surgical procedures [1]. Pain manage-
ment strategies for postoperative pain often require the
use of opioids, which have a multitude of adverse side
effects including nausea, constipation, tolerance and ad-
diction [1,2]. Further, studies have shown that the use of
opioids can increase the risk of developing chronic pain
as they can exacerbate hyperalgesia in certain individuals
[2,3]. Therefore, investigation into the mechanisms be-
hind postoperative pain might identify novel pain thera-
peutic targets. Surgical incisions typically involve multi-
tissue injury, including skin, muscle, fascia, peripheral
nerves and vasculature, which adds to the complexity of
understanding the underlying mechanisms of postopera-
tive pain. Different subpopulations of sensory neurons
innervate particular peripheral tissues [4,5], and pain
mechanisms may vary depending on the types of tissue
damaged during surgery. Therefore, discerning the con-
tribution of different tissues to the generation and main-
tenance of postoperative pain might enable development
of more targeted treatment strategies with fewer side
effects.
The development of a mouse model of postoperative
pain, adapted to the mouse from the previously defined
rat model, has allowed combining the versatility of
mouse transgenic lines with the ability to test rodent
nociceptive behavior and nerve function [6,7]. The ori-
ginal model involved an incision through skin, fascia and
muscle (skin plus deep), but a more recent model con-
sists of just skin incision (skin-only) [6,7]. When com-
paring pain behaviors in the two models, both injury
models elicit hypersensitivity to evoked mechanical and
heat stimuli to a similar magnitude, although spontan-
eous/unprovoked pain behaviors occur only in the skin
plus deep incision model [8,9]. These data suggest that
skin-only incision injury alone is capable of sensitizing
sensory nerve terminals to mechanical and heat stimuli
in the postoperative pain model.
Studies have shown that Aδ and C fiber afferents in-
nervating glabrous skin are sensitized to mechanical and
heat stimuli after skin plus deep incision [10-12]. The
Transient Receptor Potential Vanilloid 1 (TRPV1) chan-
nel was found to mediate the heat hypersensitivity fol-
lowing skin plus deep incision injury [13-15]. Here we
investigated whether the heat hypersensitivity following
skin-only incision injury is dependent on TRPV1. Sev-
eral studies have shown that mechanical hypersensitivity
develops independently of the TRPV1-mediated heat
hypersensitivity [13-15]. Therefore, we investigated a
non-TRPV1 mechanism that may mediate the incision-
induced mechanical hypersensitivity.
The Transient Receptor Potential Ankyrin 1 (TRPA1)
channel is another member of the TRP family and hasbeen shown to mediate inflammation- and nerve injury-
induced behavioral mechanical hyperalgesia [16-19].
TRPA1 is expressed on both Aδ and C fibers and also on
keratinocytes in the epidermis [16-20]. We have recently
shown that TRPA1 mediates the mechanical sensitization
of a select population of cold- and mechano-sensitive C fi-
bers [21]. Wei and colleagues [22] found that TRPA1
contributes to both mechanical hypersensitivity and non-
evoked nocifensive behaviors following skin plus deep in-
cision injury using a pharmacological approach in rats.
However, use of this model prevents identification of the
specific tissue in which TRPA1 mediates the afferent
sensitization and nocifensive behavior. Therefore, we
tested the hypothesis that TRPA1 contributes to mechan-
ical hypersensitivity and TRPV1 contributes to heat hyper-
sensitivity following skin-only incision injury. We used
TRPA1-deficient (TRPA1 KO) [23] and TRPV1-deficient
(TRPV1 KO) [24] mouse lines as well as a TRPA1 antag-
onist HC-030031 [25]. Further, we used calcium imaging
to examine whether the TRPA1 and TRPV1 channels are
functionally up-regulated in dorsal root ganglia (DRG)
sensory neurons that project to the incised or correspond-
ing sham region of the plantar hind paw. Our findings
indicate that TRPA1 does not mediate the mechanical
hypersensitivity and is not functionally up-regulated fol-
lowing skin-only incision. We also found that the heat
hypersensitivity is dependent on TRPV1, and the TRPV1
channel is functionally up-regulated specifically in IB4-
positive small-diameter neurons.
Results
Genetic ablation or acute pharmacological blockade of
TRPA1 does not affect mechanical hypersensitivity
following skin-only incision injury
In order to determine whether TRPA1 mediates the
mechanical hypersensitivity induced by cutaneous injury,
we conducted skin-only incision or sham procedures on
wild-type (WT) and TRPA1-deficient “knockout”
(TRPA1 KO) [23] mice. Sham procedures consisted of
exposing animals to the same duration and dose of
anesthetic but no incision. Mechanical sensitivity was
calculated as the percentage of paw withdrawal re-
sponses out of total applications of a von Frey monofila-
ment [26], and mechanical hypersensitivity was defined
as an increase in mechanical responsiveness compared
to sham mice. We chose 2 monofilaments: one filament
that elicited an approximate 20% response rate at base-
line (4.5mN force; Figure 1a) and a second filament that
elicited an approximate 40% response rate at baseline
(11.2mN force; Figure 1b). There was no difference in
baseline mechanical sensitivity between WT and TRPA1
KO mice (Figure 1a, b). On post-operative day 1
(POD1), WT and TRPA1 KO mice both exhibited sig-
nificantly increased mechanical sensitivity compared to
Figure 1 Mechanical hypersensitivity is prevalent after skin incision with either genetic knockout or pharamacological block of TRPA1.
a. Response frequency to 4.5mN filament for WT and TRPA1 KO skin incised and sham mice. Measurements are reported as percent responses
(out of 10 total applications of force). Both WT and TRPA1 KO mice exhibit increased mechanical sensitivity on postoperative day 1 (POD1)
compared to sham controls (p = 0.0002; **p < 0.01; ***p < 0.0001; represents difference between skin-only and corresponding sham). There is no
difference between WT and TRPA1 KO skin-only incised mice at any time point. 10 mice per group. b. Response frequency to 11.2mN filament for
WT and TRPA1 KO skin incised and sham mice. Both WT and TRPA1 KO mice exhibit increased mechanical sensitivity at POD1 as compared to
sham controls (p < 0.0001; **p < 0.001; ***p < 0.0001; *p < 0.05; represents difference between skin-only and corresponding sham). There is no
difference between WT and TRPA1 KO skin-only incised mice at any time point after skin incision. These mice are the same as those used in
Figure 1a. c. Response frequencies to 11.2mN filament on POD1 after skin-only incision or sham with treatment with vehicle or TRPA1 antagonist,
HC-030031. Skin-only incised mice treated with vehicle as well as those treated with HC-030031 exhibit significantly more responses to the
mechanical force than the sham groups (p < 0.0001; **p < 0.001; *p < 0.05). 8 mice per sham group; 12 mice per skin-only incision group.
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b). There was no difference in mechanical responsive-
ness between skin-only incised WT and TRPA1 KO
mice. These data suggest that genetic ablation of TRPA1
does not affect mechanical hypersensitivity following
skin-only incision injury.
Potential compensatory mechanisms in the TRPA1 KO
mice could complicate our interpretation of the behavior
data using this mouse line. Therefore, we conducted be-
havior on sham and skin-only incised WT mice after
intraplantar (local) injection of a TRPA1 antagonist, HC-
030031 (100 μg/site), a concentration demonstrated to
inhibit mechanical hypersensitivity with hindpaw inflam-
mation in mice [25]. Control mice were injected with ve-
hicle. For this experiment, we measured the percentage
of responses to the 11.2 mN filament on POD1 since the
skin-only incision had the greatest effect on mechanical
responsiveness with those parameters. Both vehicle- and
HC-030031-treated incised mice exhibited significantlymore responses than their corresponding sham controls
(Figure 1c). The response frequencies between incised
mice treated with vehicle and those treated with HC-
030031 were not different. Since we did not observe an
effect of HC-030031 in either incised or sham mice, it
appears that off-target effects on mechanical sensitivity
were minimal. Taken together, these data suggest that
TRPA1 does not mediate mechanical hypersensitivity
caused by skin injury in mice.
Genetic ablation or acute pharmacological blockade of
TRPA1 does not affect mechanical hypersensitivity or
guarding behavior following cutaneous and muscle
surgical injury in mice
Wei and colleagues [22] found that TRPA1 contributes
to mechanical hypersensitivity following skin plus deep
incision injury in rats. In order to determine whether
deeper tissue injury is required for the contribution of
TRPA1 to mechanical hypersensitivity in mice, we
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KO mice. We found that the degree of mechanical
hypersensitivity following skin plus deep injury was simi-
lar to the mechanical hypersensitivity following skin-
only incisions (compare incised WT values in Figure 1b
POD1 and Figure 2a). There was no difference in mech-
anical responsiveness between WT and TRPA1 KO mice
with skin plus deep incisions (Figure 2a). Next, we deter-
mined whether intraplantar HC-030031 would have an
effect on mechanical sensitivity following skin plus deep
incision. There was no difference in skin plus deep in-
cised mice treated with vehicle and those treated with
HC-030031 (Figure 2a). These data suggest that TRPA1
also does not mediate mechanical hypersensitivity fol-
lowing both cutaneous and muscle injury in mice. The
difference between our results and those from Wei and
colleagues [22] may indicate a fundamental difference in
pain mechanisms between mouse and rat species, which
has been reported by other studies [27-29].
Guarding behavior is thought to be a sign of spontan-
eous, non-evoked pain [7-10]; therefore, we assessed
nocifensive guarding behavior in incised mice by calcu-
lating a cumulative pain score over 60 minutes as done
by Xu and colleagues [8,9]. Similar to previously
reported findings[9], we found that increased guarding
behavior is unique to the skin plus deep incision model
and is not observed after skin-only incisions as com-
pared to naïve WT mice (Figure 2b). In contrast to the
results in rat from Wei and colleagues [22], we found no
difference in the guarding behavior between WT and
TRPA1 KO mice after skin plus deep incision (Figure 2b).Figure 2 Mechanical hypersensitivity and guarding behavior is preva
pharmacological inhibition of TRPA1. a. Response frequency to 11.2mN
treated with vehicle and WT treated with TRPA1 antagonist, HC-030031. Th
incision with genetic knockout or pharmacological block of TRPA1. 5 mice
treated with either vehicle or HC-030031. b. Guarding nocifensive (non-evo
mice. There is no difference in pain score between naïve and skin-only inci
increased pain scores, compared to naïve and skin-only incised mice (p < 0
14 naïve; 7 WT skin-only incision mice. The skin plus deep incised mice areGuarding in both WT and TRPA1 KO mice after skin
plus deep incision increased significantly compared to
skin-only incised WT mice and there was no difference
between these genotypes after skin plus deep incision.
Together, our data suggest that TRPA1 does not contrib-
ute to mechanical or guarding behavior following cuta-
neous and muscle injury in mice.
TRPA1 is not functionally up-regulated in sensory
neurons following skin-only incision injury
In order to determine whether TRPA1 is functionally
up-regulated in sensory neurons following skin-only in-
cision injury, we conducted calcium imaging on ipsilat-
eral lumbar 3–5 dorsal root ganglia (DRG) neurons
since these DRGs contain the cell bodies of the nerves
that terminate in the plantar hind paw region that is in-
cised as well as the region tested during behavior experi-
ments [27]. We isolated and cultured neurons on POD1
since this time point is when we found the greatest be-
havioral mechanical hypersensitivity (Figure 1a, b). We
stimulated neurons with cinnamaldehyde (CINN), a se-
lective agonist for TRPA1 [30,31] and recorded from
small-diameter neurons (<27 μm in diameter) since
these somata include C fiber-type, TRPA1-expressing
neurons [31]. We found no difference in the percentage
of responders to 30 or 100 μM CINN between skin-only
and sham groups (Figure 3a). There was also no differ-
ence in the amplitude of calcium responses to CINN be-
tween these groups (Figure 3b). When we recorded
neurons from skin plus deep incised mice, we found that
the percentage of neurons responding to 100 μM CINNlent after skin plus deep incision with genetic knockout and
filament on POD1 for skin plus deep incised WT, TRPA1 KO, WT
ere is no difference in mechanical hypersensitivity after skin plus deep
per each WT and TRPA1 KO groups; 8 mice per each WT groups
ked) behavior on POD1 for naïve, skin-only and skin plus deep incised
sed mice. Both WT and TRPA1 KO skin plus deep incised mice exhibit
.0001; **p < 0.001; applies to comparison to both naïve and skin-only).
the same as those used in Figure 2a.
Figure 3 TRPA1 is not functionally up-regulated in DRG neurons with mixed peripheral targets following skin-only incision injury. a.
Percentage of neurons with mixed peripheral targets responding to cinnamaldehyde (CINN). There is no difference in the percentage of neurons
responding to 30 or 100 μM CINN between neurons cultures from sham mice and those from skin-only or skin plus deep incised mice. Neurons
were pooled from 6 mice per sham and skin-only incision groups and 4 mice in skin plus deep group. b. Amplitude of responses of neurons with
mixed peripheral targets to CINN. There is no difference in the amplitude or responses between sham and skin-only neurons to 30 or 100 μM
CINN. The amplitude of responses of neurons from skin plus deep incised mice is significantly greater than those from sham and skin-only
incised mice (p < 0.0001; **p < 0.01). Same neurons as those in Figure 3a.
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neurons (Figure 3a). Interestingly, the response ampli-
tudes of skin plus deep neurons were significantly
greater than those of sham neurons (Figure 3b). These
results suggest that TRPA1 is functionally up-regulated
in neurons that normally express TRPA1 before injury,
after both cutaneous and muscle injury in mice. This re-
sult does not completely correspond with our behavior
data which show that TRPA1 does not contribute to
mechanical hypersensitivity or guarding behavior follow-
ing skin plus deep incision (Figure 2a, b). These dispar-
ate results suggest either that TRPA1 plays a minor role
in mechanical hypersensitivity behavior following skin
plus deep incision below detection levels in our behavior
assays, or that TRPA1 plays a role in another pain
phenotype following skin plus deep incision which our
behavioral assays did not assess.
Since neurons from lumbar 3–5 DRGs innervate many
anatomical regions and tissue types of the hind limbs
[27], the inclusion of neurons that project to regions
other than the incision site could dilute any sensitization
effect. Therefore, six days prior to skin incision, we
injected wheat germ agglutinin conjugated to a fluorophore
(WGA-594) into the medial plantar hind paw in order to
retrogradely label the somata of neurons that specifically
innervate the injured cutaneous region. We recorded from
DRG neurons that fluoresced brightly and were at least
two standard deviations above autofluorescence, indicating
that they took up sufficient tracer and thus projected to
the plantar hind paw region (Figure 4a- middle image).
Even in this labeled subgroup, we still found no difference
in the percentage of responders or amplitude of response
to 100 μM CINN in the skin-only incised versus shamgroups (Figure 4b, c). Next, we stained these cells with
isolectin B4 conjugated to a fluoroscein (IB4). IB4 is used
to distinguish between two subsets of small-diameter neu-
rons with distinctive peripheral terminal targets and central
projections and are thought to transmit signals for different
aspects of pain processing [32-36] (Figure 4a- right image).
We did not find a difference in the percentage of re-
sponders or a difference in amplitude of responses between
sham and skin-only incised IB4-positive neurons or IB4-
negative neurons (Figure 4d, e). The results for neurons
from sham mice are consistent with those from naïve mice
in our previous study [31]. Our data presented here indi-
cate that TRPA1 is not functionally up-regulated in DRG
sensory neurons that project to the plantar hind paw cuta-
neous site after skin-only incision. These results support
our findings from behavior experiments which indicate
that TRPA1 does not mediate cutaneous incision-induced
mechanical hypersensitivity.
TRPV1 mediates heat hypersensitivity following
cutaneous incision injury
Other groups have shown that primary sensory afferent
terminals are sensitized to heat following skin plus deep
tissue incision injury and that this thermal sensitization
is mediated by TRPV1 [10,13-15]. However, it is not
known whether the sensitization is due to injury of cuta-
neous or deep tissue. Thus, we first determined whether
skin-only incision leads to heat hypersensitivity. We
conducted the Hargreaves thermal behavior assay [37]
on sham and skin-only incised WT mice. We found that
WT mice exhibited marked heat hypersensitivity follow-
ing skin-only incision on POD1 and that the heat sensi-
tivity returned to levels similar to baseline by POD3
Figure 4 TRPA1 is not functionally up-regulated in retrogradely labeled cutaneous neurons from glabrous plantar skin following skin-
only incision injury. a. Representative brightfield (left), WGA-Alexafluor594 retrograde label (middle), and IB4-FITC (right) images of ipsilateral
lumbar 3–5 neurons from incised mice with retrograde label and IB4 staining (20x objective). Neurons that brightly fluoresced with Alexafluor594
at least 2-times the standard deviation above autofluorescence were considered to be positively stained for the retrograde tracer and recorded.
IB4-positive neurons were defined by a halo of FITC labeling around the entire perimeter of the somata of small-diameter (<27 μm) neurons. b.
Percentage of cutaneous neurons responding to CINN. There is no difference in the percentage of labeled WT neurons responding to 100μM
CINN from skin-only incised and sham mice. Neurons were pooled from 3 mice per group. c. Amplitude of responses of cutaneous neurons to
CINN. Ipsilateral retrograde-labeled neurons from skin-only incised WT mice respond with the same amplitude of intracellular increase to 100μM
CINN as neurons from sham mice. Same neurons as those in Figure 4b. d. Percentage of cutaneous neurons responding to CINN defined by IB4
staining. There is no difference in percentage of labeled neurons responding to 100μM CINN defined by IB4 binding. Same neurons as those in
Figure 4b. e. Amplitude of responses of cutaneous neurons responding to CINN defined by IB4 staining. There was no difference in amplitude of
responses to 100μM CINN in labeled neurons defined by IB4 staining. Same neurons as those in Figure 4b.
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ates the heat hypersensitivity, we conducted the heat be-
havior assay on WT and TRPV1-deficient (TRPV1 KO)
[38] mice with skin-only incisions (Figure 5b). We found
that both WT and TRPV1 KO mice become significantly
more sensitive to heat compared to their baseline values.However, the heat sensitivity of the incised TRPV1 KO
mice on POD1 was significantly less than that of the in-
cised WT mice. As expected, we did not observe any ef-
fect of TRPV1 on mechanical hypersensitivity following
skin-only incision (Figure 5c). These data suggest that al-
though TRPV1 may not be the only contributor to heat
Figure 5 Skin-only incision induced thermal hypersensitivity is dependent on TRPV1. a. Heat behavior assay for WT skin-only incised and
sham mice. WT mice exhibit decreased paw withdrawal latencies on POD1 after skin-only incision injury as compared to sham controls
(p = 0.0013; ***p < 0.0001). 8 mice per group. b. Heat behavior assay for WT and TRPV1 KO skin-only incised mice. TRPV1 KO skin-only incised
mice exhibit significantly longer paw withdrawal latencies at POD1 than skin incised WT mice (2-way repeated measures ANOVA: p < 0.0001;
***p < 0.0001). TRPV1 mice exhibit an increase in heat sensitivity compared to baseline (paired t-test *p = 0.0022); however, WT mice exhibit a
much greater increase in heat sensitivity compared to their baseline values (paired t-test ***p < 0.0001). 7 mice per group. Since multiple
statistical tests were conducted, we used assumed p-values <0.025 were significant rather than 0.05. Through nonparametric testing we reached
the same conclusion. c. Response frequency to 11.2mN filament for WT and TRPV1 KO mice following skin-only incision injury. There was no
difference at baseline or POD1 between WT and TRPV1 KO mice (2-way repeated measures ANOVA: p > 0.05; n.s.). Both WT and TRPV1 KO mice
exhibit increase mechanical sensitivity on POD1 following skin-only incision injury compared to their respective baseline values (paired t-tests;
***p = 0.0002; **p = 0.0003). Same mice as those in Figure 5b. Since multiple statistical tests were conducted, we assumed p-values <0.025 were
significant rather than 0.05. Through nonparametric testing we reached the same conclusion.
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havioral heat hypersensitivity following cutaneous surgi-
cal incision injury.
TRPV1 is functionally up-regulated in IB4-positive
neurons following cutaneous incision injury
While we did not find differences in functional TRPA1
in DRG somata after skin incision injury, one possibility
might be that functional changes in TRP channels may
not occur at the DRG level of the sensory neuron.
Therefore, we asked whether sensitization to capsaicin
(CAP), a specific agonist of TRPV1, could be observedat the DRG somata level following skin-only incision
using the same protocol that we previously used to study
TRPA1. As with the other calcium imaging experiments,
we isolated neurons on POD1 when the greatest behav-
ioral heat sensitivity occurred (Figure 5a). Small-
diameter ipsilateral lumbar 3–5 DRG sensory neurons
from skin-only incised mice were significantly more re-
sponsive to 500 nM CAP compared to neurons from
sham mice (Figure 6a). There was no difference in the
amplitude of responses between skin-only and sham
neurons (Figure 6b). Since we found an increase in over-
all percentage of small-diameter neurons responding to
Figure 6 TRPV1 is functionally up-regulated in IB4-positive, DRG neurons with mixed peripheral targets following skin incision injury.
a. Percentage of neurons with mixed peripheral targets responding to capsaicin (CAP). There are significantly more responders to 500nM CAP
among ipsilateral lumber 3–5 neurons from skin-only incised WT mice than from sham mice (**p = 0.0052). Neurons pooled from 3 mice per
group. b. Amplitude of responses of neurons with mixed peripheral targets to CAP. There is no difference in the amplitude of responses to
500nM CAP between neurons from skin-only incised and sham mice. Same neurons as in Figure 6a. c. Percentage of neurons with mixed
peripheral targets responding to CAP defined by IB4 binding. Significantly more IB4-positive neurons respond to 500nM CAP from skin-only
incised mice than sham mice (overall effect: p = 0.0007; ***p = 0.0003). There is no difference in CAP responsiveness in IB4-negative neurons from
incised and sham mice. Same neurons as in Figure 6a.
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right image). We found that the skin incision-induced
increase in functional TRPV1 occurred selectively in the
IB4-positive population of small-diameter neurons
whereas there was no change in the IB4-negative popu-
lation (Figure 6c).
We then conducted retrograde labeling with WGA-594
injected into the medial plantar hind paw in order to iden-
tify the somata of plantar skin-projecting afferents, as we
did for experiments with TRPA1 (Figure 4a- middle
image). The same criteria used in the calcium imaging ex-
periments for TRPA1 for selecting labeled neurons were
applied to these experiments. Interestingly, we did notfind an increase in the percentage of small-diameter neu-
rons responding to CAP following skin-only incision
(Figure 7a) as we had found in mixed-target, unlabeled
neurons (Figure 6a). There was also no change in response
amplitude with skin-only incision compared to sham con-
trols (Figure 7b). When we stratified the small-diameter
populations with IB4 staining there was no difference in
the percentage (Figure 7c) or response amplitude
(Figure 7d) of either IB4-positive or –negative neurons
responding to CAP between sham and skin incised mice.
Since we sampled approximately 100 neurons from 8–9
mice (8–10 neurons per mouse), it is unlikely that we
missed detecting sensitization due to a low sample size.
Figure 7 TRPV1 is not functionally up-regulated in retrogradely labeled cutaneous neurons following skin-only incision injury. a.
Percentage of cutaneous neurons responding to CAP. There is no difference in the percentage of labeled WT neurons responding to 500nM CAP
from skin-only incised and sham mice. Neurons were pooled from 9 sham and 8 incised mice; three independent experiments were performed
with no differences between experiments. b. Amplitude of responses of cutaneous neurons to CAP. The amplitude of responses to 500nM CAP
for neurons from skin-only incised mice is not different than those from sham mice. Same neurons as in Figure 7a. c. Percentage of cutaneous
neurons responding to CAP defined by IB4 staining. There is no difference in percentage of labeled neurons responding to 500nM CAP defined
by IB4 binding. Same neurons as in Figure 7a. d. Amplitude of responses of cutaneous neurons responding to CAP defined by IB4 staining. The
amplitude of responses to 500nM CAP for IB4-positive, labeled neurons from skin-only incised mice is not different than those from sham mice.
Likewise, there is no difference in CAP responsiveness in IB4-negative neurons from incised and sham mice. Same neurons as in Figure 7a.
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functional up-regulation of TRPV1 among somata with
mixed peripheral target tissues, we did not detect func-
tional changes of TRPV1 among cutaneous neurons that
specifically innervate the plantar glabrous skin incision
site. This suggests that perhaps the contribution to heat
hypersensitivity is due to TRPV1 functional up-regulation
among nerves that terminate in tissues adjacent or deep
to the cutaneous surgical incision.
Discussion
Here we set out to determine the contribution of TRPA1 to
mechanical hypersensitivity following skin-only incision in-
jury in mice. Our results demonstrate that skin incisioninduces mechanical hypersensitivity in TRPA1-deficient
“knockout” (KO) mice similar to levels measured in wild-
type mice. Additionally, we observed no effect of the
TRPA1 antagonist HC-030031 on mechanical hypersensi-
tivity following skin injury in wild-type mice. Further, we
found no functional up-regulation of TRPA1 in lumbar
DRGs from wild-type mice after skin incision injury using
calcium imaging. When we recorded from neurons that
specifically projected to the plantar region of the ipsilateral
hind paw where the skin incision was performed, there was
also no functional up-regulation of TRPA1 at the DRG
level. Together, these findings indicate that TRPA1 does
not mediate mechanical hypersensitivity following cutane-
ous surgical incision injury in mice.
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hypersensitivity following skin plus deep incision
[13-15]. Therefore, we investigated the role of TRPV1 in
heat hypersensitivity with cutaneous-only injury. We
found that TRPV1 KO mice exhibit a modest increase in
heat sensitivity following skin incision injury; however,
incised TRPV1 knockout mice exhibit significantly less
heat hypersensitivity compared to wild-type mice. Since
we observed a small, yet significant, increase in heat sen-
sitivity in TRPV1 KO mice following skin incision, other
receptors likely play a role in the heat sensitivity. Other
contributors to heat hypersensitivity may include TRPV3
and TRPV4 [39-43] as well as the recently identified
sensory neuron heat channels TRPM3 [44] and
Anoctamin 1 (ANO1) [45]. Nonetheless, our data indi-
cate that TRPV1 is the major contributor to behavioral
heat hypersensitivity following cutaneous incision injury.
Beyond behavioral assays, we show for the first time
that TRPV1 is functionally up-regulated in isolated DRG
sensory neurons following skin incision injury. The be-
havioral heat hypersensitivity present after skin incision
is likely mediated, at least in part, by this functional up-
regulation of TRPV1 which may be attributed to in-
creased TRPV1 protein or mRNA expression, increased
receptor translocation to the plasma membrane, or
modulation of existing receptors on sensory neurons.
Further experimentation is necessary to determine the
exact mechanism of TRPV1 functional up-regulation.
Interestingly, our data demonstrate that functional ex-
pression of TRPV1 increases specifically in IB4-positive
neurons, which are a subset of small-diameter neurons
that have been shown to terminate more superficially in
skin, centrally project to the inner lamina II of the spinal
cord, and transmit pain signals into central processing
centers that influence the affective components of pain
[32-36]. TRPV1 has been shown to mediate heat hyper-
sensitivity in other pain models such as inflammation
and nerve injury, and studies have shown that these
models induce increased TRPV1 expression in IB4-
positive sensory neurons [38,46,47]. Accumulating evi-
dence suggests that IB4-positive C fiber-type neurons
are the most malleable subset of sensory neurons to
sensitization after tissue injury [38,47], and evidence
from Levine and colleagues strongly suggests that hyper-
algesic priming occurs selectively in the IB4-binding
population following injury [48,49]. Therefore, our data
suggest that the mechanism behind heat hypersensitivity
in postoperative pain may be largely mediated by cuta-
neous incision injury-driven TRPV1 functional up-
regulation in IB4-positive C fiber-type neurons.
Although we found that skin incision induced func-
tional up-regulation of TRPV1 among non-labeled L3-5
DRG neurons that project to mixed peripheral target tis-
sues, we failed to detect functional up-regulation ofTRPV1 among neurons that specifically innervated the
injured glabrous skin. Spofford and Brennan [50]
reported tissue-specific expression of growth factors fol-
lowing skin plus deep incision injury, which may explain
the disparity in our results. Nerve growth factor (NGF)
was found to be over-expressed in skin from 4hr to 10
days following incision [50], and this growth factor has
been previously shown to potentiate functional TRPV1
preferentially in muscle afferent neurons but far less so
in cutaneous neurons [51]. Up-regulation of NGF in in-
cised skin may drive the functional up-regulation of
TRPV1 among neurons with mixed peripheral target tis-
sues, which include neurons that terminate in muscle.
Down-regulation of other growth factors, including
artemin, was previously reported in skin at 24hr post inci-
sion [50]. Artemin has been previously shown to induce
TRPV1 sensitization primarily among cutaneous afferents
[51,52]. The down-regulation of artemin and other growth
factors that primarily sensitize cutaneous neurons could
explain why we did not observe functional up-regulation
of TRPV1 among glabrous skin-specific neurons following
skin-only incision. However, a number of studies have
shown that cutaneous afferent nerves are sensitized to
heat following skin plus deep incision injury and that the
sensitization to heat in cutaneous afferents is mediated by
TRPV1 [10,12,14,15]. When growth factor expression was
evaluated in incised muscle tissue, the expression of
artemin was up-regulated at 24hr post skin plus deep inci-
sion [50]. Up-regulation of artemin in injured muscle tis-
sue could possibly sensitize TRPV1 in cutaneous neurons.
Taken together, we have found that cutaneous incision in-
jury drives increased functional expression of TRPV1
among neurons with mixed peripheral targets which in-
cludes muscle afferents but not among neurons that ter-
minate within the superficial region of glabrous skin
injury. These findings along with previous studies may
suggest that deep incision injury is required to sensitize
TRPV1 among glabrous skin afferents.
Conclusions
Our findings indicate that TRPA1 does not mediate the
mechanical hypersensitivity following cutaneous surgical
incision injury, although it may be a component of pain
following deep tissue injury that includes fascia and
muscle. On the other hand, we observed functional up-
regulation of TRPV1 in IB4-binding DRG C fiber-type
sensory neurons which may be a key underlying mech-




Cinnamaldehyde (CINN) and capsaicin (CAP) were pur-
chased from Sigma. The same lot was used throughout
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CINN or 1 min with CAP.
Animals
Experiments were conducted on 4–6 month old C57BL/
6J (WT) male mice (Jackson Laboratories) and male
TRPA1−/− (TRPA1 KO) mice in which the exons essen-
tial for the Trpa1 gene function were deleted [23]. The
TRPA1 KO mouse line was created on a C57BL/6J back-
ground. Male TRPV1−/− mice (TRPV1 KO; B6.129S4-
TRPV1tm1Jul; Jackson Laboratories) [24] were 2–4
months old and tested with age-matched male C57BL/6J
(WT) mice. All experimental procedures have been ap-
proved by the Institutional Animal Care and Use Com-
mittee of the Medical College of Wisconsin.
Plantar incision
Anesthesia in mice was induced with 5% isoflurane at 2
L/min delivered into a sealed induction chamber and
maintained with 1.5% isoflurane at 500 mL/min with a
nose cone. The plantar hind paw was swabbed with
Betadine and 70% ethanol. As described previously [6]
and adapted from the rat model of postoperative pain
[7], a 5-mm longitudinal incision starting 2-mm from
the proximal edge of the heel and extending towards the
toes was made through the glabrous skin using a sterile
number-11 scalpel blade. Unless noted, no further tissue
except skin was incised. To evaluate deep tissue incision
injury pain in a subset of mice, the underlying muscle
was elevated with sterile forceps and incised longitudin-
ally, leaving the muscle origin and insertion intact [6].
The skin was then apposed with 2 sutures of 5–0 nylon
on a 3/8 reverse cutting needle. Mice recovered from
anesthesia in a plastic bottom cage placed on a heating
pad. Sutures were maintained for the duration of the ex-
periments. Mice in which both sutures were chewed out
before postoperative day 2 (POD2) were removed from
the study. Sham mice were anesthetized for the same
average duration and with the same dose as the incised
mice but not incised or sutured. The experimenter was
blinded to genotype during surgeries.
Mechanical frequency behavior test
Withdrawal responses to punctuate mechanical stimula-
tion were determined using calibrated Von Frey fila-
ments (EbInstruments). Mice were acclimated for 1
hour within a floor-less Plexiglas chamber placed upon a
metal mesh platform. Monofilaments were applied to
the ipsilateral plantar paw within 1-mm of the incision
for a total of 10 applications, beginning with the lowest
force monofilament. The percentage of responses out of
the total applications was used as the score (% response)
per animal. A greater percentage of responses after inci-
sion injury as compared to sham values was consideredan indication of mechanical hypersensitivity. The investi-
gator was blinded to genotype during all behavioral test-
ing in the study.
Hargreaves heat sensitivity behavior test
Heat sensitivity was assessed using a radiant heat source
for Hargreaves heat and tail flick assays (IITC, Life Sci-
ences Instruments). Mice were acclimated for 1 hour in
Plexiglas chambers placed upon a glass platform. Paw
withdrawal latencies were assessed by applying a focused
radiant heat source underneath the glass floor to the ip-
silateral paw within 1-mm of the incision for a total of 4
applications. There was an automatic cut-off at 20 sec-
onds to avoid tissue injury. The heat source was applied
to the same plantar hind paw region on the sham mice.
Withdrawal latencies were averaged to a single value per
animal. A reduction in withdrawal latency after incision
injury as compared to baseline or sham values was con-
sidered an indication of heat hypersensitivity.
Guarding behavior
Guarding behavior was assessed as previously described
[8,9]. Mice were placed in Plexiglas chambers placed
upon a metal mesh platform. Ipsilateral hind paws were
observed during a 1-minute period repeated every 5 mi-
nutes for 1 hour. Hind paws were scored (0, 1 or 2) de-
pending on the position of the paw on the mesh. Zero
was scored when the incised plantar area was in contact
with the mesh. A score of 1 was given if the paw region
touched the mesh but did not distort or blanch the in-
cised region, and a 2 was scored when the hind paw was
completely off the mesh. The corresponding area of the
plantar hind paw was used to score sham and naïve
mice. The sum of the scores during the 60-min testing
period was the total score for the animal.
HC-030031 intraplantar injection
Mice were briefly anesthetized with isoflurane. The ipsi-
lateral plantar hind paw was injected subcutaneously
with 30 μl HC-030031 (100 μg/site, Sigma) or vehicle
(0.5% DMSO and 0.25% Tween-80 in PBS). The mice
were then acclimated to the behavioral apparatus for 1
hour to allow for maximal drug effect before behavior
testing [25]. The experimenter was blinded to chemical
treatment.
Retrograde labeling of cutaneous neurons
In mice, one medial plantar hind paw was injected with 20
μl 1% wheat germ agglutinin conjugated to Alexafluor594
(WGA-594) in sterile saline (Invitrogen). Our prior studies
have shown that bright fluorescence is visible in isolated
somata by 6 days after plantar paw injection with WGA-
594 [31]. Six days after injection, the injected hind paw
underwent sham or skin incision procedures. The next
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described below. Cells that fluoresced clearly above back-
ground fluorescence levels (≥ 2 standard deviations above
autofluorescence) were targeted for calcium imaging ex-
periments (Figure 3a- middle image).
DRG culture
Prior to DRG dissection, mice were briefly anesthetized
with isoflurane via inhalation (Midwest Veterinary Sup-
ply) and euthanized by decapitation. Lumbar dorsal root
ganglia (DRG) 3–5 were excised ipsilateral to the skin-
only incision and on the same side in sham animals and
placed into 1 ml Hank’s Balanced Salt Solution (Gibco).
After DRG extraction, 1 ml HBSS was replaced with
Dulbecco’s Modified Eagle’s Medium/Ham’s nutrient
mixture F-12 (DMEM/Hams-F12; Gibco). The ganglia
were incubated at 37°C and 5% CO2 with 1 mg/ml colla-
genase Type IV (Sigma), followed by incubation with
0.05% trypsin (Sigma) for 40 and 45 min, respectively.
The ganglia were washed and resuspended in complete
cell medium, then dissociated into single neurons via
trituration. The neurons were plated onto laminin-
coated glass coverslips and incubated for 2 hours at
37°C and 5% CO2 to allow adherence. Following incuba-
tion, complete cell medium was added to flood each
well. Complete cell medium consisted of DMEM/Hams-
F12, 10% heat-inactivated horse serum, 2mM L-
glutamine, 0.8% D-glucose, 100 units penicillin and
100ug/ml streptomycin and no exogenous growth fac-
tors were added. Calcium imaging experiments were
performed 18-24hr after cells were plated.
Calcium imaging and analysis
Calcium imaging was performed using dual-wavelength
fluorescent calcium indicator FURA-2AM (Invitrogen).
Cells cultured and plated as described above were loaded
with 2.5 μg/ml FURA-2AM in extracellular buffer (in
mM: 150 NaCl, 10 HEPES, 8 glucose, 5.6 KCl, 2 CaCl2
and 1 MgCl2; pH 7.4, 320 ± 3 mOsm) containing 2%
BSA for 45 min at room temperature, followed by a 30
min wash period for de-esterification. Coverslips with
loaded cells were mounted onto a perfusion chamber
and superfused with buffer at a constant rate of 6 ml/
min. Fluorescence images were captured with a cooled
CCD camera (CoolSNAP; Photometrics, Tucson, AZ).
Metafluor imaging software was utilized in order to de-
tect and analyze intracellular calcium changes through-
out the experiment (Molecular Devices, Sunnyvale, CA).
A neuron exhibiting ≥20% intracellular calcium increase
from baseline was considered a responder. All neurons
were tested with only one concentration of one agonist.
At the end of each protocol, 50mM KCl extracellular so-
lution was used to depolarize neurons, thereby allowing
for identification of viable neurons from non-neuronalcells or non-functioning neurons. Neurons were consid-
ered small-diameter if the average diameter of the lon-
gest and shortest axis was less than 27 μm.
IB4 staining
Upon completion of imaging protocol, neurons were in-
cubated with 10 μg/ml isolectin B4 (IB4) conjugated to
fluorescein isothiocyanate (FITC; Sigma) for 10 min and
then washed with extracellular buffer for 1 min. IB4-
positive neurons were identified as those that retained a
complete halo of FITC stain around the perimeter of the
soma after washing (Figure 3a- right image).
Statistics
Statistics were conducted using GraphPad Instat (version
3.06, Graphpad Software, Inc) or GraphPad Prism (ver-
sion 5.04, Graphpad Software, Inc). Behavior data were
compared using repeated measures 2-way ANOVA with
Bonferroni post-hoc tests or paired t-tests. Calcium im-
aging data for percentage of responders were analyzed
using Chi-square and Fisher’s exact test, and data for
amplitude of responses were compared using unpaired t-
tests or 2-way ANOVA tests with Tukey post-hoc tests.
Error bars on graphs represent the standard error of the
mean. P-values <0.05 were considered significant unless
noted.
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